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Abstract
The HDMS (Heidelberg dark matter search) setup at LNGS, operates the first enriched 73Ge detector worldwide, and looks
for spin-dependent WIMP-nucleon coupling at the Gran Sasso Underground Laboratory. The data collected from February 2001
to July 2003 (423.18 d, corresponding to 85.48 kg d) are presented. The results improve the best present existing limits on the
WIMP-neutron spin-dependent cross section (obtained from 129Xe) for low WIMP masses.
 2004 Elsevier B.V. Open access under CC BY license.1. Introduction
In direct dark matter search at present the main
experimental efforts are concentrated on investiga-
tions of the spin-independent (or scalar) interaction
of a dark matter weakly interacting massive parti-
cle (WIMP) with a target nucleus (occurring through
squark and Higgs exchange in neutralino–quark inter-
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Open access under CC BY license.actions). The reason is that the cross section for this
interaction is enhanced in heavier nuclei proportional
to the atomic number of the target nucleus squared
[1–3]. The energy spectrum of WIMP-induced nuclear
recoils is exponentially decreasing with the recoil en-
ergy in a typical energy range below 100 keV and
so its shape is smooth and featureless, and it is prac-
tically impossible to distinguish this signal from the
low-energy background of any detector. Therefore, the
results are usually presented in the form of exclusion
curves. For a fixed WIMP mass the cross sections of
elastic WIMP-nucleon scattering above these curves
are then excluded. At present in general the experi-
mental sensitivity is still about two orders of magni-
tude away from the predictions of SUSY models (ef-
fective minimal supersymmetric models). This is the
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nucleon interactions, occurring through squark and Z
boson exchange in neutralino–quark interactions, and
by neutralino–gluon coupling (see [5,6]).
Investigation of the spin-dependent interaction is
important, since it provides additional constraints on
SUSY models [2,5,6], and further, since it has been
shown [7], that even with a very sensitive detector
being sensitive only to the scalar interaction (spin-
less target nucleus) one can, in principle, miss a dark
matter signal. Therefore spin-sensitive detectors (spin-
non-zero target nuclei) are required.
In general, both proton and neutron spin contribu-
tions enter into the formula for the spin-dependent
WIMP-nucleus cross section. Under the assumption
that the spin is carried by the ‘odd’ unpaired group
of protons or neutrons, and only one of them, either
〈SAn 〉 or 〈SAp 〉 is non-zero, possible target nuclei can be
classified into n- or p-odd group nuclei.
Experimentally, many p-odd group nuclei have
been investigated, while the spin-dependent WIMP-
neutron interactions were subject only of very few ex-
periments, using natural germanium [8,9], and 129Xe
[10] (DAMA group), the most sensitive of them being
the Xe experiment.
The sensitivities reached in investigations of the
spin-dependent interaction of WIMPs with p- and
n-odd nuclei are at present on a similar level (of about
1 pb), and much less than for the spin-independent
interaction (about 10−6 pb). In spite of this, the ‘dis-
tance’ to the SUSY expectation region is similar to that
in the spin-independent case since SUSY models pre-
dict much higher cross sections for the spin-dependent
case (see, e.g., [5]).
This Letter presents the results of the investiga-
tion of another odd-neutron nucleus, 73Ge (with spin
J = 9/2). To increase the sensitivity for the spin-
dependent interaction, a high-purity germanium detec-
tor enriched in 73Ge to 86% (natural abundance 7.6%)
has been produced and applied for this purpose.
2. The HDMS detector and the measured spectra
The HDMS (Heidelberg dark matter search) project
operates two ionization HPGe detectors at the Gran
Sasso National Laboratory (LNGS). The unique con-
figuration of the two crystals is shown in Fig. 1: a smallFig. 1. Schematic view of the HDMS detector configuration. The in-
ner detector is made from 73Ge, the outer from natural germanium.
p-type enriched 73Ge crystal with a mass of 202 g (en-
richment 86%) is surrounded by a well-type natural Ge
crystal of 2.111 kg. Both the detectors are mounted in
the same copper cryostat. The coaxial configuration
of the two detectors was especially designed to re-
duce the background of the inner detector by means of
two effects, the shielding provided by the outer crystal
(germanium is one of the radio-purest known materi-
als), and the anti-coincidence between the two detec-
tors. Since WIMP interactions will take place only in
one of the two detectors at a time, events seen simulta-
neously in both inner and outer crystals (like multiple
scattered photons) can be rejected.
A further shield against external background
sources is provided by 10 cm of electrolytic copper
and 20 cm of boliden lead, both lead and copper hav-
ing been stored for several years below ground at Gran
Sasso. The whole setup is enclosed in an air tight steel
box and flushed with gaseous nitrogen in order to sup-
press environmental radon diffusion. Finally a 15 cm
thick borated polyethylene shield surrounds the steel
box to minimize the influence of neutrons.
The final setup of HDMS was installed at the LNGS
during August 2000, after a first prototype phase [4]
which took data over a period of about 15 months
with an inner detector made of natural germanium.
The inner detector was then replaced by an enriched
73Ge crystal of the same mass and dimensions. For
technical properties of the HDMS detectors and pre-
vious performances of HDMS we refer to [4,11]. The
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used in the Heidelberg–Moscow double beta decay
experiment [12]. It allows data sampling in event-by-
event mode and in a calibration mode (for fast data
acquisition). 250 MHz flash ADCs of type Analog
Devices 9038 JE (in DL515 modules) allowed digi-
tal measurements of pulse shapes. The signals of the
charge-sensitive preamplifiers were differentiated by
timing filter amplifiers. Since the energy resolution of
the FADC was 8 bit, the energy signals for high- and
low-energy spectra (from 70 keV to 8 MeV and from
threshold of 4 to 400 keV) were recorded with 13 bit
ADCs developed at MPI Heidelberg. As trigger pulse-
detect signals from the ADCs were used. For details
see [13].
The anti-coincidence between the two detectors is
performed off-line. All events having an energy depo-
sition in both detectors are rejected. The total spectrum
measured over the period February 2001 to July 2003
(423.18 d, corresponding to 85.48 kg d) is shown in
Fig. 2.
To understand quantitatively the measured spec-
trum, extensive Monte Carlo simulations have been
Fig. 2. Background spectrum of the HDMS detector (exposure
85.48 kg d) before and after the anti-coincidence cut is applied.performed already for the HDMS prototype detector
[14], including the effects of the natural decay chains
of 232Th and 238U, the primordial nuclide 40K, the
cosmogenically produced nuclides 54Mn, 57Co, 58Co,
60Co and 65Zn in the copper of the cryostat and in
the Ge crystals, and the anthropogenic radionuclides
125Sb, 134Cs, 137Cs and 207Bi, and also muon show-
ers and neutron-induced interactions. The main back-
ground sources and their localization in the HDMS
setup were understood, and agreement of the mea-
sured spectrum and the simulated sum spectrum was
obtained within the uncertainty of the simulations of
about 20%.
In Fig. 3 we see the anti-coincidence spectrum
shown in Fig. 2 divided into 3 subsets, correspond-
ing to 3 partial acquisition periods. The exposures
are, respectively, 30.9, 29.5 and 27.6 kg d. The cor-
responding measured background indices are given in
Table 1. Fig. 3 shows (see also Table 1) the decrease
with measuring time of the activity of the cosmogenic
isotope 68Ge (half life = 270.8 d), which is responsi-
ble for the structure around 10 keV (X-rays) (see [15]).
Also decreasing with time was the background in the
other energy regions, for example from 50 to 100 keV,
Fig. 3. Anti-coincidence spectra from the HDMS experiment for the
indicated partial data sets (see text).Table 1
Background indexes in counts/(kg keV d) for the 3 partial data sets shown in Fig. 3 and for the total HDMS data set
Data set (4–8) keV (8–12) keV (12–50) keV (50–100) keV
Runs 260–500 1.95 2.81 0.40 0.29
Runs 501–720 1.87 1.26 0.23 0.14
Runs 721–1000 1.89 0.79 0.17 0.11
Total 1.92 1.65 0.27 0.18
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(runs 721–1000) is less than a half of the first spectrum
(runs 260–500). At the same time we notice, that, the
background in the lowest energy bin almost remained
constant, probably being due to microphonic noise.
3. Dark matter limits
The spectra have been used to extract limits on
WIMP-nucleon coupling. In the procedure of calcu-
lating the limits on the WIMP parameters (mass and
cross section) we consider either spin-independent
(SI)-coupling only or spin-dependent (SD)-coupling
only. This simplification is done in most analyses of
dark matter experiments, although in principle one
has to make a joint analysis of SI and SD coupling
(see [5,16], and below). The evaluation for dark mat-
ter limits on the WIMP-nucleon cross section uses the
conservative assumption, that the whole experimental
spectrum consists of WIMP events. Consequently, ex-
cess events above the experimental spectrum in any
energy range of a width not smaller than the energy
resolution of the detector are forbidden (to a given
confidence limit). For the calculation of the expected
WIMP spectra we use formulae given in the extensive
reviews [3,17], for a truncated Maxwell velocity distri-
bution in an isothermal WIMP-halo model. However,
it should be mentioned that other models exist, and
that varying the halo model can affect the results sig-
nificantly (see [16,18]). The astrophysical parameters
used are given in Table 2. For a given WIMP mass we
then fit the only remaining parameter, the scattering
cross section σGe, to the measured spectrum by using a
one-parameter maximum likelihood fit algorithm. We
use a sliding variable energy window to check the ex-
cess events above the experimental spectrum (for a
one-sided 90% C.L.), as used (and described) in our
Table 2
Values of the astrophysical quantities used to extract the limits on
WIMP-nucleon coupling, used in the fit of the present data
Parameter Value
Earth velocity vE 232 km/s
WIMP local density ρw 0.3 GeV/cm3
WIMP velocity distribution vrms 270 km/s
Escape velocity vesc 600 km/searlier dark matter investigations [4,19]. The mini-
mum among the cross section values obtained via the
multiple fits is taken as the cross section for the corre-
sponding WIMP mass. As starting value for the cross
section σGe at zero momentum transfer, we assume
σGe = 10−34 cm2, for both SI and SD coupling.
Regarding the form factor, for the SI coupling we
used the Helm approximation of the Bessel form fac-
tor. The form factor in this approximation is [20]:
(1)F 2(qrn) =
(
3j1(qrn)
qrn
)2
e−(qs)2 ,
where s ∼ 1 fm is the nuclear skin thickness. For the
SD coupling we used the following form factor [3]:
F 2(qrn) = j20 (qrn) (qrn < 2.55, qrn > 4.5)
(2)
F 2(qrn) = constant  0.047 (2.55 < qrn < 4.5)
calculated in the so-called thin-shell approximation
and corrected so that the first zero of the Bessel func-
tion is partially filled with the value of the function at
the second maximum.
As a result of the procedure described above, we
obtain, for each value of the WIMP mass, the upper
limit on the WIMP-Ge cross section σGe at 90% C.L.
This upper limit can then be converted into a limit on
WIMP-nucleon (proton or neutron) cross section. The
conversion allows one to compare the results of exper-
iments using different targets. In the spin-independent
case the conversion from the WIMP-nucleus cross sec-
tion σGe to the WIMP-nucleon cross section σp is
straightforward (σp = σA µ
2
p
µ2A
1
A2
) [3].
In Fig. 4 we show the measured spectrum (see
Fig. 2) together with some WIMP spectra calculated
by use of the minimum cross sections determined by
the described fitting procedure. Fig. 4 also shows the
deduced contour lines for the data subsets shown in
Fig. 3 for the SI interaction. They are not very com-
petitive, and our interest lies with our detector, mainly
in the SD interaction.
In the spin-dependent case we have to deal with the
problem of the WIMP-type dependence of the cross
section (see [3,5,6,21]). The conversion formula for
SD interactions is:
(3)σp = σA
µ2p
µ2A
1
CA/Cp
,
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calculated from the fit and to the WIMP masses indicated. Right: limits on SI WIMP-proton cross sections from the HDMS experiment for the
3 data subsets shown in Fig. 3.Table 3
Several nuclear model calculations of the spin factors 〈Sp〉 and 〈Sn〉
for the odd-N nucleus 73Ge
Model 〈Sn〉 〈Sp〉
ISPSM [25] 0.5 0
OGM [22] 0.23 0
IBFM [26] 0.469 −0.009
IBFM (quenched) [26] 0.245 −0.005
Hybrid [24] 0.378 0.030
Shell (small) [23] 0.496 0.005
Shell (large) [23] 0.468 0.011
Quenched [23] 0.372 0.009
(4)σn = σA µ
2
n
µ2A
1
CA/Cn
,
where µ2p,n and Cp,n are the reduced mass and the en-
hancement factor for proton and neutron, respectively.
The definition of CA is given by:
(5)CA = 8
π
(
ap〈Sp〉 + an〈Sn〉
)2 J + 1
J
,
where ap and an are the (WIMP-type dependent) ef-
fective WIMP-nucleon couplings, 〈Sp〉 and 〈Sn〉 are
the expectation values of the proton and neutron spins
within the nucleus and J is the total nuclear spin.
In the case of free nucleons we have Cp,n = 6π a2p,n
and, as we easily see, the ratio CA/Cp (as well as
CA/Cn) depends on the WIMP composition.
Under the simplifying assumption that the nuclear
spin is carried mostly by protons (neutrons), that is
〈Sp〉  〈Sn〉 (〈Sn〉  〈Sp〉) the WIMP-dependence
cancels out in the ratio, since the effective WIMP-
nucleon couplings ap and an are almost of same mag-
nitude. In the effective MSSM for ratio of neutralino–Fig. 5. Experimental limits on WIMP-neutron spin-dependent cou-
pling from the HDMS experiment (data from runs 721–1000).
The HDMS exclusion plot (dashed line) is calculated assuming
〈Sn〉 = 0.378 and 〈Sp〉 = 0.030. Also shown is the effect of choos-
ing different values for the spin factors 〈Sn〉 and 〈Sp〉 (dashed
range). The result of the DAMA xenon experiment [10] is shown
as comparison.
neutron spin coupling an to the neutralino–proton
spin coupling ap has been calculated to be 0.55 <
|an/ap| < 0.8 [5]. Since 73Ge is a odd-N nucleus
(J = 9/2), the assumption 〈Sn〉  〈Sp〉 is well justi-
fied (see Table 3) and we can obtain WIMP-type inde-
pendent limits for the WIMP-neutron SD cross section
in the following way:
(6)σn = 34σA
µ2n
µ2A
1
〈Sn〉2
J
J + 1 .
The values of 〈Sn〉 and 〈Sp〉 are provided by nuclear
model calculations. The results of several calculations
for 73Ge are listed in Table 3.
H.V. Klapdor-Kleingrothaus et al. / Physics Letters B 609 (2005) 226–231 231In Fig. 5 we plot the exclusion curve for σn ob-
tained from the HDMS last partial data set runs 721–
1000. To draw the exclusion plots we assumed the
most recent values of 〈Sn〉 = 0.378 and 〈Sp〉 = 0.030,
as in Ref. [24], but also shown is the effect of choos-
ing different values for the spin factors on the HDMS
exclusion plot. We plot as comparison the current
best limit on SD WIMP-neutron cross sections com-
ing from an odd-neutron nucleus (129Xe), provided by
the DAMA Xenon experiment [10]. Our results are al-
ready competitive with the DAMA results, improving
the limit in the region of low WIMP masses.
4. Conclusions
The HDMS (Heidelberg dark matter search) exper-
iment is operating at the LNGS since August 2000
202 g of enriched 73Ge as a WIMP detector. 73Ge is
the only naturally occurring germanium isotope with
non-zero spin and enrichment allows us to be particu-
larly sensitive to spin-dependent WIMP-nucleus inter-
actions.
In this work we present the first HDMS results
on the WIMP-neutron spin-dependent coupling. In
the framework of spin-dependent interactions we
contributed to the lack of data coming from odd-
neutron nuclei, improving the best present limits on
the WIMP-neutron spin-dependent cross section for
low WIMP masses. Efforts are going on to improve the
background of HDMS. An about two orders of mag-
nitude improvement would be required to reach the
SUSY predictions for the spin-dependent cross sec-
tion (see [5]).
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